
1020 

Formation of Sultones in Olefin Sulphonation 

D.W. Roberts*and D.L. Williams 
Unilever Research, Port Sunlight Laboratories, Quarry Road East, Bebington, Merseyside L63 3JW, U.K. 

S u l t o n e s  a r e  f o r m e d  i n  t h e  s u l p h o n a t i o n  o f  un-  
b r a n c h e d  ~ a n d  i n t e r n a l  o l e f i n s  in  t h e  s e q u e n c e  
/~ -~ ? -~ 5. In  t h e  c a s e  o f  ~ - o l e f i n  s u l p h o n a t i o n  by  
s u l p h u r  t r i o x i d e  in  a s h o r t  r e s i d e n c e  t i m e  (ca.  60 s) 
r e a c t o r ,  t h e  t3 -~ ? s u l t o n e  r e a c t i o n  h a s  a l r e a d y  
g o n e  to  c o m p l e t i o n  w h e n  t h e  r e a c t i o n  m i x t u r e  
e m e r g e s  f r o m  t h e  r e a c t o r .  K i n e t i c  d a t a  a r e  pre-  
s e n t e d  for  t h e  ? --, 5 t e r m i n a l  s u l t o n e  i s o m e r i z a -  
t i on .  In  t h e  c a s e  o f  i n t e r n a l  o l e f i n  s u l p h o n a t i o n ,  
f o r m a t i o n  o f  ? a n d  5 s u l t o n e s  h a s  n o t  p r o c e e d e d  
to  a s i g n i f i c a n t  e x t e n t  w h e n  t h e  r e a c t i o n  p r o d u c t  
e m e r g e s  f r o m  t h e  r e a c t o r .  K i n e t i c  d a t a  a r e  pre-  
s e n t e d  f o r  t h e  /? -~ ~ i n t e r n a l  s u l t o n e  i s o m e r i z a -  
t i o n .  T w o  i n t e r n a l  ~f -sul tones  - -  c i s  a n d  t r a n s  - -  

a r e  f o r m e d ,  b u t  o n l y  o n e  i n t e r n a l  5 - s u l t o n e ,  t h e  
t r a n s  i s o m e r .  T h e  i n t e r n a l  y -~ i n t e r n a l  5 s u l t o n e  
i s o m e r i z a t i o n s  r e q u i r e d  f o r c i n g  c o n d i t i o n s  (150 ~ C, 
3 h r  i n c o m p l e t e  r e a c t i o n s )  o r  p r o l o n g e d  a g i n g  (20-  
25~ 21 days;  5 s u l t o n e  s t i l l  t h e  m i n o r  s u l t o n e ) .  
T h e  c i s  i n t e r n a l  ~ s u l t o n e  is  m o r e  r e s i s t a n t  t o  i so-  
m e r i z a t i o n  t h a n  is  i t s  t r a n s  i s o m e r .  T h e s e  r e a c t i v -  
i ty  d i f f e r e n c e s  a r e  r a t i o n a l i z e d  u s i n g  a r g u m e n t s  
d e v e l o p e d  f r o m  t h a t  p r o p o s e d  b y  B o r d w e l l ,  Os- 
b o r n e  a n d  C h a p m a n  in  1959 to  i n t e r p r e t  t h e  ef- 
f e c t s  o f  m e t h y l  s u b s t i t u t i o n  o n  r a t e s  o f  ? - s u l t o n e  
s o l v o l y s i s .  
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There is now a substantial body of evidence indicat- 
ing that the initial reaction products from sulphona- 
tion of unbranched alkenes are the corresponding fi- 
sultones (1-5), as shown in Scheme i. In the sulphona- 
tion of unbranched alk-l-enes (referred to from here on 
as ~-olefins) the initially formed/%sultone decomposes 
rapidly to give a product mixture containing the corre- 
sponding ~/-sultone as a major component, together with 
the alk-2-ene-l-sulphonic acid (6). With more prolonged 
aging, the ?-sultone level falls and the corresponding 
5-sultone becomes the major component (6). 

Less is known concerning the sulphonation of un- 
branched alkenes with the double bond in non-terminal 
positions (these alkenes will be referred to from here on 
as internal olefins). However, the initial formation of ~- 
sultones, with retention of stereochemistry (2), has been 
established and it is known that stable sultones of the 
7 and/or 5 type are formed subsequently (7). 

In this paper we describe an investigation into the na- 
ture of the sultones produced by sulphonation of internal 
olefins, and a study of the changes in sultone composi- 
tion which occur on aging the sulphonation products of 
~- and internal olefins. 

*To whom correspondence should be addressed. 

EXPERIMENTAL PROCEDURES 

Changes in composition of the olefin sulphonation re- 
action mixtures were followed by the thin-layer chro- 
matography (TLC) [silica plates, eluted with hexane 
ether (10:90 v/v), visualization by 50% H2SO4 spray and 
charring at 150~ for 30 mini, quantitation being by 
means of a Zeiss KM3 scanning densitometer. Nuclear 
magnetic resonance (NMR) spectra were recorded on so- 
lutions in deuterochloroform, using a Bruker WM 360 
spectrometer. 

Sultones from sulphonation of 9-octadecene. The 9- 
octadecene (78% cis, 22% trans) was prepared from oleyl 
alcohol by tosylation followed by reduction with lithium 
aluminum hydride (8). The sulphonation reactor (FFR) 
was based on that described by Hulbert, Knott and Ch- 
eney (9,10). The sulphonation conditions are shown in 
Table 1. The sulphonation product (140 g) was left for 
21 days at 20-25~ then neutralized with 5% aque- 
ous sodium hydroxide. The neutralizate was extracted 
with hexane, and the hexane extract was washed with 
50% aqueous ethanol, then eluted through a 2-ft silica 
column (100-200 mesh) with a hexane/ether (80:20 v/v) 
mixture. 

The eluate (30g) was separated by preparative high 
performance liquid chromatography (HPLC) using a Wa- 
ters Prep 500 instrument (Waters Associates, Milford, 
MA; stationary phase, silica; liquid phase, hexane/ether 
95:5 v/v; elution rate 500 mL/min-1). The sultones iso- 
lated in this way (the trans 9,12 sultone, 2.5 g; the 
trans 9,11 sultone, 7.5 g; and the cis 9,11 sultone, 5.7 g) 
were recrystallized from methanol. They were char- 
acterized spectroscopically as described above and by 
elemental analyses, trans-octadecane-9,12-sultone (mp 
52.5~ Found: C, 66.0; H, 10.9%. trans-Octadecane- 
9,11-sultone (mp 32~ Found: C, 64.9; H, 11.0%. cis- 
Octadecane-9,11-sultone (mp 42~ Found: C, 65.2; H, 
10.9%. C18H36SO3 requires: C, 65.1; H, 10.9%. 

Sulphonation of internal hexadecane. A"localized in- 
ternal" hexadecene sample (supplied by Gulf Corpora- 
tion, Houston, TX) was sulphonated continuously using 
the laboratory scale FFR, under the conditions shown 
in Table 1. The product emerging from the reactor was 
collected, over a period of 10 min, into aqueous 10% 
sodium hydroxide (ca. 100 mL). A sample (21.82 g) of 
the resulting aqueous neutralizate was added to ethy- 
lene glycol (350 mL) and this mixture was heated under 
reflux, using a modified Dean and Stark apparatus to re- 
cover the unreacted olefin by azeotropic distillation. The 

RCH2CH2CH~CHR' RC82CH2CH--CHR RCH CH--CH RCH--CH 2/ \2 , I I / \2 + ) O CH 
SO 3 O--SO 2 ~S~ ON /CH 2 SO~-CH~R, 

~-sultone 7-sultone 6-sultone 

(Formed stereo- 
specifically when RCH2CHffiCH-CHR' 

i 
R = alkyl) 

S03H 

Scheme 1. Sulphonation of unbranched olefins. 
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TABLE 1 

R e a c t i o n  C o n d i t i o n s  for  S u l p h o n a t i o n  o f  Ole f ins  U s i n g  a F a l l i n g  F i lm R e a c t o r  (FFR) ~ 

Mole ratio of sulphur trioxide 
to olefin 

Cooling jacket temperature 

Concentration of gaseous sulphur 
trioxide in nitrogen (v/v) 

Throughput of olefin 

Film residence time 

9-octadecene 1-hexadecene Internal hexadecene 

1.22:1 1.20:1 1.22:1 

25oC 45~ 31~ 

4% 4% 4% 

5.8 g.min -1 5.0 g.min -1 7.8 g.min -1 

ca. 60 sec b ca. 60 sec b ca. 60 sec b 

~The FFR essentially consists of a vertical glass tube (120 cm long, 7 mm internal diameter) surrounded 
by a cooling jacket. The material to be sulphonated is supplied to the surface of the top of the tube and 
is driven downwards by a stream of dry nitrogen, whilst a gaseous sulphur trioxide/dry nitrogen mixture 
is introduced near the top of the tube. 

bMeasured by a radio tracer method for sulphonation reactions of commercial oleyl alcohol and secondary 
dodecyl benzene (D.L. Williams, P.S. Jackson and T.C. Pestell, unpublished data) and presumed to have 
the same value for 9-octadecene sulphonation. 

%<c.z)7c.:c.<%>7% 
weight of olefin recovered was 1.21 g, corresponding to s% ~ 81% .... rio. 
5.55% by weight of the aqueous neutralizate.  A fur ther  
sample (50.00 g) of the aqueous neutral izate  was mixed c%cc"2~5\ c%<c"~>6 CH--CH \CH--CH 

/ \2 o/ \c2s with ethanol (100 mL), and the result ing solution was o /c. 2 + 
washed with petroleum ether  (bp 40-60~ (3 x 100 mL). )o~-c, \ / ~ cc"2b% s o  2 

The petroleum ether  extract  was washed with aqueous \cc"~bc"3 
50% ethanol (2 x 50 mL) and evaporated down. The O,e i . . . . . . .  ly ois t .... 

8% 18% 24% 
weight of petroleum soluble material  thereby recovered 
was 2.28 g, corresponding to 5.56% by weight of the 
aqueous neutralizate.  

RESULTS AND DISCUSSION 

Sultones derived from internal olefins. The symmet- 
rical internal  olefin 9-octadecene (78% cis, 22% trans) 
prepared from oleyl alcohol by tosylation followed by 
reduction with l i thium aluminum hydride (8), was 
sulphonated continuously by contacting it with gaseous 
sulphur trioxide in a laboratory scale falling film reactor 
(FFR), under  the conditions shown in Table 1. 

The initial product mixture was allowed to age at 20-  
25~ for 21 days. Three sultones were detected, and 
were isolated from the product mixture by a sequence 
of neutralization,  solvent extraction, column chromatog- 
raphy, preparat ive HPLC and recrystallization. They 
were identified by their  1H NMR spectra (supported 
by evidence from mass spectrometry and infrared spec- 
troscopy) as trans octadecane 9,12 sultone and cis and 
trans octadecane 9,11 sultones. The yields are shown in 
Scheme 2. All three sultones, when examined by mass 
spectrometry, showed a molecular ion at m/e 332. 

The proton NMR spectrum of the octadecane 9,12 sul- 
tone shows two multiplets of equal intensity, at 4.6 ppm 
and 2.9 ppm. These are assigned to the protons in 
the 9 and 12 positions, respectively. Our assignment of 
trans stereochemistry to the 9,12 sultone is based on the 
close similarity between these two multiplets,  nei ther  of 
which shows evidence of equatorial-equatorial  splitting. 
If  the sultone had been cis, one of these two protons 
would have been equatorial and the other  axial. Other  

Y i e l d s  b a s e d  on 9 - o c t a d e c e n e  r e a c t e d  

S c h e m e  2. S u l p h o n a t i o n  o f  9 - o c t a d e c e n e .  

O--SO 2 Chemical shifts Multiplet structure 

5 ~ . ~  H ~ H b  H 4.6 pp. Pentet 
C?H1 H a 3.3 ppm P e n t e t  

Ha~ ~ ~ C8H17 Hbc 2.3 ppm D o u b l e t  o f  
triplets 

X c 

Splittlng of the H c multiplet 

,,,,";.;/" ,-"'-'.-./,",., 

S c h e m e  3. P r o t o n  N M R  o f  t r a n s  o c t a d e c e n e  9,11 s u l t o n e .  

multiplets at  2.2, 1.9 and 1.7 ppm are a t t r ibuted to the 
protons in the 10 and 11 positions, but  could not be in- 
tegrated because of their  proximity to the large alkyl 
chain multiplet  centered at  1.25 ppm. 

The proton NMR spectra of the two octadecane 9,11 
sultones are quite different from one another. For 
the trans isomer, the two protons of the ring methy- 
lene group are almost chemically equivalent, both being 
trans to one vicinal proton and cis to another  (Scheme 3). 
These two methylene protons give rise to a multiplet,  
centered at 2.3 ppm, which has the appearance of a dou- 
blet of triplets. This can be interpreted in terms of an 
AB pat tern  fur ther  split by two almost equivalent pro- 
tons, with the outer bands of the AB system being too 
weak to be detected, as shown in Scheme 3. 
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In the cis-9,11 sultone, the two methylene protons are 
nonequivalent,  one being trans and the other being cis to 
two vicinal protons. These methylene protons give rise 
to two mult iplets  at  2.9 and 2.3 ppm, each corresponding 
to one proton. The protons at  C9 and C l l  have chemi- 
cal shifts very similar  to those of lib and Ha of the trans 
isomer, but  the band s t ructures  are more complex, re- 
flecting the grea ter  difference in magnet ic  environments  
between the two protons of the C10 methylene group. 

The infrared spect rum of the octadecane 9,12 sultone 
shows an absorption at  915 cm -1 typical of 6-sultones. 
This absorption is absent  from the spectra of the octade- 
cane 9,11 sultones, which both show absorptions at  975 
and 830 cm -1, typical of ~/-sultones. In the trans 9,11 
sultone spect rum the 830 cm -1 absorption is much more 
intense than  the 975 cm -1 absorption, whereas  for the 
cis isomer, both bands  are of s imilar  intensity. 

Examinat ion  of Dreiding models indicates little dif- 
ference between the cis and trans 9,11 sultones in 
t e rms  of in t ramolecular  steric interactions; in the five- 
membered  ring there is no clear-cut distinction of the ax- 
ial/equatorial  type. In  contrast,  the 9,12 sultones have 
cyclohexane-like geometry so tha t  the trans isomer (in 
which both alkyl subst i tuents  can occupy equatorial  po- 
sitions) should be thermodynamical ly  favored. 

However, under  the conditions of our exper iment  the 
formation of the 9,12 sultone is kinetically controlled, 
and the explanat ion for only one 9,12 isomer being 
formed mus t  lie in the preferred s tereochemistry of the 
t ransi t ion s tate  for 9,12 sultone formation. Assuming 
the final step in formation of a 5-sultone to be the ring 
closure of a zwitterion, one can readily see from Dreid- 
ing molecules tha t  as the carbonium ion center and the 
- 0  moiety are brought  closer together, rotat ions about 
the intervening bonds occur, together  with rehybridiza- 
tion at  the positive carbon center, such tha t  the configu- 
rat ions of the a and 6 subs t i tuents  become increasingly 
axial-like or equatorial-like. Thus,  the a rgument  for the 
grea ter  thermodynamic  stabil i ty of the trans 9,12 sul- 
tone should also apply to the t ransi t ion s ta tes  for 9,12 
sultone formation, and the trans 9,12 sultone should be 
kinetically favored. 

Changes in composition on aging olefin sulphonation 
products. The a-olefin 1-hexadecene and the in ternal  
olefin 9-octadecene were sulphonated continuously by 
contacting them with su lphur  trioxide under  the condi- 
tions shown in Table 1. Samples  of the product mixtures  
were collected over a period of 5 min (1-hexadecene) 
or 3 min (9-octadecene) and allowed to age. Changes 
in composition were followed by thin-layer chromatog- 
raphy, sultone levels being es t imated  by means  of a 
densi tometry  technique in which the densi tometer  re- 
sponse to a spot on the TLC plate is expressed as a 
peak  area. In  the case of 1-hexadecene, pure samples  
of the corresponding ? and 5 sultones, hexadecane 1,3 
sultone and hexadecane 1,4 sultone, respectively, were 
available; these s tandards  were applied in known con- 
centrat ions to the plate at  the same t ime as the sample 
under  investigation, so tha t  by comparison of the den- 
s i tometer  responses the levels of ? and 6 sultones in 
the 1-hexadecane sulphonation products could be esti- 
mated.  When these exper iments  were carried out, pure  
samples  of the 9-octadecene-derived sultones were not 

available. However, since the densi tometer  response 
was found to be l inear  with sultone concentration for 
the 1-hexadecane-derived sultones, it seemed reason- 
able to assume tha t  the same would apply for the 9- 
octadecene-derived product. Thus,  the ra tes  of change 
of sultone levels, a l though not the absolute levels, could 
be followed for 9-octadecene sulphonation. The TLC- 
densi tometry  method as applied to sultone analysis was 
originally developed for kinetic studies of hydrolysis of 
sultones in a olefin sulphonates  (A. Lewis, T.D. Finch 
and D.L. Williams, unpubl ished data) and was found to 
be accurate  to within 1-2%. 

1-Hexadecene sulphonation. In the case of 1-hexa- 
decene sulphonation, the 7-sultone level decreased and 
the 5-sultone level increased on aging the  product mix- 
ture  a t  30~ and a t  70~ as shown in Table 2. From 
the data,  it is clear tha t  the &sultone is formed not jus t  
from the ?-sultone, but  from some other component of 
the reaction mixture  as well, since the difference be- 
tween initial and final levels for the 6-sultone is a lmost  
twice tha t  for the ?-sultone. 

I t  also can be seen from Table 2 tha t  the ?-sultone 
level had  reached its m a x i m u m  by the t ime the aging 
exper iments  were started,  i.e., within 5 min of emer- 
gence from the FFR. In a subsequent  experiment,  1- 
hexadecene was sulphonated under  s imilar  conditions, 
and the product emerging from the FFR was collected 
into aqueous sodium hydroxide. The neutral ized prod- 
uct mixture  was found to contain ca. 30% of ?-sultone, 
in good agreement  with the t = 0 values of Table 2, and 
indicating tha t  the ?-sultone level had  already reached 
a value close to its m a x i m u m  before the product mixture  
emerged from the FFR. 

TABLE 2 

Changes  in Composi t ion of  the 1-Hexadecene 
Sulphonat ion Product  on Aging 

Sultone level in sulphonation 
Time product (wt%) Temperature ~ 

~-Sultone 5-Sultone 
0 No observable Increasing 
5 min change (by (by visual 

15 min visual inspection) 
35 min inspection) 
60 min 

0 30.4 10.1 
1 hr 24.4 16.8 
3 hr 18.1 27.9 
6 hr 15.2 37.2 

72 hr 3.0 60.1 

0 23 17 
15 min 21 26 
30 min 19 32 

1 hr 19 41 
2 hr 12 46 
3 hr 8.5 46 
4 hr 8 47 

4.5 hr 7.5 53 

25 

30 

70 a 

~ experiment was carried out on a different sample of 1- 
hexadecene sulphonation product, which had been stored at am- 
bient temperature for about 30 min after collection from the FFR. 
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TABLE 3 

Attempted First Order Rate Plots for ~-Su|tone Decay and 5-Sultone Formations on Aging  the 
1-Hexadecene Sulphonation Products 

1023 

Process Temperature (~ Plot Finding 
7-Sultone decay 30 ln( 7 - 3) ~ vs t Smooth curve for t = 0, 1, 

3, 6 hr 

70 ln(~ - 6) b vs t Good straight line 
kob~ : (1.57 • .23) x 10 -4 sec -1 
n = 8 ~, r = .989 ~ 

6-Sultone formation 30 ln(60 - 6) a vs t 

70 ln(53.5 -- 6) b vs t 

Good straight line 
f o r t : 0 , 1 , 3 , 6 h r  
kob~ : (3.64 • .71) x 10 -5 sec -1 
n : 4 ,  r : . 9 9 8  

Good straight line for first 
four points. Large amount of 
scatter thereafter. 
kobs = (2.96 • .18) x 10 -4 sec -1 
n = 4, r = .9998 

a~/~ and 5oo Values taken as equal to the 72-hr figures. 
b~/~ and 5oo Values chosen, by trial and error, to give best linearity. 
~Two of the data points (at t = 1 hr and t = 3 hr) are more than three standard deviations from the 
regression line, Omission of these points lead to: kobs : (1,50 • .03) • ]0 -4 sec-1; rt : 6; r = .9999. 

Ra i l 2  

o r  

Rc"2 \ 

| 

. . . . . .  ~ RCH2CHCH2 Ctt2SO 3 

RCfl2CH=CHCH2$03 N RCHfCNCH2CH2SO3H \ ' �9 RCBCB2CB2CH2SO 3 

k2 | 
* RCH2CHCH2CH2SO3H 

R 

Scheme 4. -/-Sultone decomposit ion and 5-sultone formation in the  ~-olefin sulphonat ion product mixture. 

A t t e m p t s  to o b t a i n  f i r s t  o r d e r  r a t i o  p lo t s  f rom t h e  d a t a  
shown  in  Table  2 r e v e a l e d  an  i n t e r e s t i n g  d i f ference  be- 
t w e e n  the  30~ a n d  70~ da t a .  The  p lo ts  o b t a i n e d  a re  
s u m m a r i z e d  in  Table  3. 5-Sul tone  f o r m a t i o n  s e e m s  to 
follow f i rs t  o rde r  k ine t i c s  (a lbe i t  w i t h  m u c h  s c a t t e r  in  
t h e  l a t t e r  s t ages  a t  70~ a t  bo th  t e m p e r a t u r e s .  The  
r a t e  c o n s t a n t s  for t h e  two t e m p e r a t u r e s  d i f fer  by  a fac- 
to r  of  8.1, c o r r e s p o n d i n g  to a n  ac t i va t i on  e n e r g y  of  ca. 11 
Kca l .mole  -1.  7 -Su l tone  decay  s e e m s  to be less  s t r a i g h t -  
fo rward .  I t  c a n  be seen  f rom Table  3 t h a t  ? - s u l t o n e  de- 
cay  fol lows f i rs t  o r d e r  k ine t i c s  a t  70~ b u t  a p p a r e n t l y  
no t  a t  30 ~ I f  a 7oo v a l u e  of  14, ve ry  close to t h e  obse rved  
t = 6 h r  va lue ,  is  t a k e n ,  t h e n  the  30 ~ curve  can  be m a d e  
to look more  l i n e a r  to t he  eye,  b u t  t h e  p a t t e r n  of  r e s idu -  
a l s  i nd i ca t e s  t h a t  t h e  p lo t  is  s t i l l  curved.  In  a n y  event ,  
in  v iew of  a ~ va lue  of  t h r e e  be ing  o b s e r v e d  a t  t = 72 hr, 
t h e  use  of  7 ~  = 14 s e e m s  t o t a l l y  un jus t i f i ab le .  

Th i s  d i f ference  m a y  be  r a t i o n a l i z e d  in  t e r m s  of two 
p a t h w a y s  for 7 - su l tone  decompos i t ion :  an  u n c a t a l y z e d  
p rocess  a n d  a n  ac id  c a t a l y z e d  p rocess  as  shown in  
S c h e m e  4. Scheme  4 a lso  shows a m e c h a n i s m  for for- 

m a t i o n  of  5-sul tone.  The  r a t e  e x p r e s s i o n  for 7 - su l tone  
decompos i t ion ,  a s s u m i n g  the  s t e p s  c o r r e s p o n d i n g  to kl  
a n d  k2 to be r a t e d  d e t e r m i n i n g  a n d  neg l ec t i ng  k_ l ,  is  
shown  in  e q u a t i o n  [1]: 

d?  
d t  - kl[~] + k2Keq[Y][H+]  [1] 

The  source  of  H + is su lphon ic  ac ids  in  t he  s u l p h o n a -  
t ion  r e a c t i o n  m i x t u r e ,  a n d  the  level  of  t h e s e  wi l l  de- 
c l ine  a s  a g i n g  proceeds ,  due  to t h e i r  conver s ion  to 5- 
su l tone .  Thus ,  to t he  e x t e n t  t h a t  t h e  second t e r m  
on the  r i g h t  h a n d  s ide  of  e q u a t i o n  [1] is s ignifi-  
can t ,  t he  r eac t ion  r a t e  wil l  dec l ine  to a g r e a t e r  ex- 
t e n t  t h a n  p r e d i c t e d  for a f i rs t  o r d e r  r e a c t i o n  as  t he  
r e a c t i o n  proceeds .  The  c a t a l y z e d  process  wi l l  have  
the  lower  a c t i va t i on  e n e r g y  a n d  the  more  n e g a t i v e  
e n t r o p y  of  ac t iva t ion .  Thus ,  a t  t he  h i g h e r  t e m p e r -  
a t u r e  t h e  k117] t e r m  of  e q u a t i o n  [1] wi l l  p r edom-  
ina te ,  l e a d i n g  to a good f i rs t  o rde r  plot ,  w h e r e a s  
a t  t he  lower  t e m p e r a t u r e  the  k 2 K e q [ ? ] [ H  +] t e r m  wil l  
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TABLE 4 

Changes  in Composi t ion of  the 9-Octadecene Sulphonat ion 
Product  on Aging 

Time (min) Sultone level in sulphonation Temperature ~ 
Product (wt%) ~ 

3-sultone 7-sultone b-sultone 
5 8.00 6.18 

15 7.22 7.14 
30 6.76 8.19 
60 5.33 9.21 
90 4.73 12.25 

2 5.34 9.01 
5 4.28 9.91 

15 3.58 11.89 
31 2.75 13.59 
45 2.09 15.08 
60 1.83 15.83 

< 3% 

25 

35 

aThe values given have relative significance only, and can only 
be compared for the same sultone type, since they are based on 
the unsubstantiated assumption that the densitometer response 
factors are the same as far hexadecane-l,3-sultone. 

c o n t r i b u t e  s ignif icant ly ,  l e a d i n g  to nonf i r s t  o rde r  k ine t -  
ics, s ince  [H +] is not  cons tan t .  

9 - O c t a d e c e n e  s u l p h o n a t i o n .  A g i n g  of t he  9-octa-  
decene  s u l p h o n a t i o n  r eac t i on  m i x t u r e  was  ca r r i e d  out  
a t  25 a n d  35~ I n  n e i t h e r  case,  over  a pe r iod  of 90 or 
60 min ,  respec t ive ly ,  was  t h e  8-su l tone  fo rmed  to a sig- 
n i f i can t  ex ten t .  The  combined  7 - su l tone  level  was  found  
to r ise ,  a n d  a componen t  wi th  a TLC Rf  va lue  ind ica t -  
ing  s l i gh t ly  h i g h e r  p o l a r i t y  t h a n  t h a t  of  the  7 - su l tones  
was  found  to decompose .  Th is  c o m p o n e n t  was  p r e s u m e d  
to be t he  3 - su l tone .  I n t e r n a l  o le f in -der ived  3 - su l tones  
a r e  k n o w n  to be more  s t ab le  t h a n  t h e i r  c~-olefin-derived 
c o u n t e r p a r t s  (2,3) a n d  so lu t ions  of them,  t o g e t h e r  w i th  
o t h e r  i n t e rna l -o l e f in  de r i ved  s u l p h o n a t i o n  p roduc t s ,  can  
be s t o r ed  in  i n e r t  so lven t s  for s e v e r a l  hou r s  a t  room tem-  
p e r a t u r e  (3). In  f u r t h e r  s tud i e s  c u r r e n t l y  in  p rog re s s  
(which  we hope  to r e p o r t  more  fu l ly  a t  a l a t e r  date) ,  we 
have  e x a m i n e d  r eac t i on  p roduc t s  f rom F F R  s u l p h o n a -  

t ion  of i n t e r n a l  olefins,  u s i n g  N M R  to i den t i fy  3 - su l tones  
a n d  to follow t h e i r  decompos i t ion .  The  decompos i t ion  
r a t e s  a r e  s i m i l a r  to those  r e p o r t e d  he re  b a s e d  on TLC 
s tud ies ,  s u p p o r t i n g  our  a s s u m p t i o n  t h a t  t he  m a t e r i a l  
whose  decompos i t ion  is fol lowed is t he  3 -su l tone .  Ta- 
ble  4 shows  the  3 - su l t one  a n d  7 - su l tone  leve ls  m e a s u r e d  
by  TLC. Response  fac tors  were  a s s u m e d ,  for the  pu rpose  
of ca lcu la t ion ,  to be  t he  s a m e  as  for h e x a d e c a n e  1,3 sul-  
tone;  t h e r e  be ing  no ju s t i f i ca t i on  for t h i s  a s s u m p t i o n  t h e  
f igures  in  Table  4 h a v e  no abso lu t e  s ignif icance,  b u t  can  
be u s e d  to a na lyz e  t h e  r a t e s  of  change  of  3 a n d  7-su l tone  
levels  w i t h  t ime.  

I t  is c l ea r  f rom Table  4 t h a t  t he  i n t e r n a l  7 - su l tones  
a re  fo rmed  qu i te  s lowly  and ,  in  c o n t r a s t  to the  case  
w i th  c~-olefin su lphona t i on ,  t h e i r  l eve ls  con t inue  to in-  
c rease  a s  the  i n t e r n a l  olefin s u l p h o n a t i o n  p roduc t  is  
aged  fol lowing i t s  e m e r g e n c e  f rom t h e  F F R .  In  a sep-  
a r a t e  e x p e r i m e n t  a c omme rc i a l  m i x t u r e  of  i n t e r n a l  hex-  
a d e c e n e s  ( p r e d o m i n a n t l y  w i t h  the  doub le  bond  in t he  
6, 7 a n d  8 pos i t ions)  was  s u l p h o n a t e d  u n d e r  s i m i l a r  
cond i t ions  to those  u sed  for 9 -oc tadecene  (see Table  1), 
a n d  t h e  s u l p h o n a t i o n  p roduc t  was  n e u t r a l i z e d  immed i -  
a t e ly  by  col lec t ing  i t  in to  aqueous  s o d i u m  hydrox ide  as  
i t  e m e r g e d  from the  F F R .  The  aqueous  n e u t r a l i z a t e  was  
a n a l y z e d  by  azeo t rop ic  d i s t i l l a t i on  w i t h  e thy l ene  glycol 
a n d  by  e x t r a c t i o n  w i t h  p e t r o l e u m  e t h e r  to d e t e r m i n e  t h e  
levels  of  u n s u l p h o n a t e d  olefin a n d  to t a l  p e t r o l e u m  solu- 
ble m a t e r i a l s ,  respect ively .  The  two v a l u e s  were  a l m o s t  
i den t i ca l  (olefin 5.55, to t a l  p e t r o l e u m  so luble  m a t e r i a l s  
5.56% by  we igh t  of  t he  n e u t r a l i z a t e ) ,  i n d i c a t i n g  t h a t  7- 
su l tones  (which a r e  p e t r o l e u m  soluble)  were  not  p r e s e n t  
to a s ign i f i can t  ex ten t .  Thus ,  in s u l p h o n a t i o n  of i n t e r n a l  
olefins u n d e r  t he  cond i t ions  shown in  Tab le  1, 7 - su l tone  
f o r m a t i o n  does no t  occur  to a s ign i f i can t  e x t e n t  w i t h i n  
the  r e s idence  t ime  of  the  F F R .  

U s i n g  the  d a t a  f rom Table  4, f i r s t  o rde r  r a t e  
p lo ts  were  o b t a i n e d  for decompos i t ion  of  9-octadecene-  
de r ived  ,3-sul tones a n d  f o r m a t i o n  of  t he  co r r e spond ing  
7 -su l tones ,  as  s u m m a r i z e d  in  Table  5. Ev idence  t h a t  t he  
e a r l y  s t a g e s  of the  3 - su l t one  decompos i t ion  proceed w i th  
a r a t e  c o n s t a n t  l a r g e r  t h a n  t h a t  for t h e  l a t e r  s t ages  w a s  
o b t a i n e d  in  t he  case  of t he  ag ing  e x p e r i m e n t  a t  35~ 
as  shown  in  F i g u r e  1. (The 25~ d a t a  show a s imi la r ,  

TABLE 5 

First Order Rate Plots for 3-Sultone Decay and -y-Sultone Formation on Aging the 9-Octadecene Sulphonat ion Product 

Process Temperature (~ Plot Finding 

3-Sultone decay 25 ln3 vs t 

35 ln3 vs t 

?-Sultone formation, 25 ln(32 - 7) b vs t 
both isomers together 

35 ln(20 - ff)b vs t 

ko~, = (1.04 ~= .26) x 10-as 1 
n = 5, r : .9913 

kobs = (2.65 • .55) x 10-4S -1 
n---5 a , r : . 9 9 3 9  

kob~ = (5.20 ~= .38) x 10-5S -1 
n -- 4 c, r : .9997 c 

ko~ = (2.80 • .38) z 10-4S 1 
n - - 6 ,  r = . 9 9 5 0  

aData point corresponding to t = 2 omitted (see Fig. 1). 
b"/oo Values of 32 and 20 found by trial and error to give best linearity. 
CData point corresponding to t = 60 omitted, since it deviates from the regression line by more than three standard deviations. Inclusion 
of this data point leads to: kob s = (4.87 =]= 1.92) x 10-5S-1; n -- 5, r = .9789. 
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TABLE 6 

E f f e c t s  o f  A g i n g  o n  ~ / a n d  ~ S u l t o n e  L e v e l s  i n  the  
9 - O c t a d e c e n e  S u l p h o n a t i o n  P r o d u c t  a 

% (Olefin + 
Aging time (days) ~ and 5 sultones) % Olefin % Sultone 

0 15.1 10 5.1 
1 40.6 8.1 32.5 
4 40.5 8.2 32.3 
7 38.8 7.0 31.8 

~Percentages given as weight/weight based on sulphonation prod- 
uct. 

but  less clear cut, trend.) This is most  easily rat ional-  
ized in te rms  of one of the fl-sultone geometrical  isomers 
being more labile t han  the other. Consistent  with this 
explanation,  it has  been reported tha t  cis-hexane 3,4 
sultone is thermal ly  less stable in solution than  is its 
trans-isomer (3). 

In  order to obtain an assessment  of the absolute lev- 
els of 7 and 5 sultones in the 9-octadecene sulphonat ion 
product, a fur ther  aging exper iment  was carried out at  
room tempera ture .  Samples  were removed at  intervals  
and neutral ized with aqueous sodium hydroxide. The 
combined (olefin + ? and 5 sultone) levels were deter- 
mined by extraction with petroleum ether  and the olefin 
levels alone were determined by azeotropic distil lation 
with ethylene glycol. Thus the sultone levels could be 
es t imated by difference. The resul ts  are shown in Ta- 
ble 6. 

After the first day the (7 + 5) sultone level hardly  
changes. From the ra te  constant  for 7-sultone forma- 
tion at  25~ (Table 5) it can be calculated tha t  a 24 hr  
period at  25~ corresponds to 6.5 half-lives, so tha t  af- 
ter  the first day no significant fur ther  increase in ?- 
sultone level would be expected. Format ion  of 5-sultone 
is very slow (after 21 days at  ambient  t empera tu re  the 
9-octadecene sulphonat ion product contained only 6% of 
5-sultone, vide infra), and it therefore follows from the 
near  constancy of the (7 + 5) sultone figures from the 
first day onwards tha t  the decomposition of in ternal  ?- 
sultones mus t  also be very slow under  the conditions 
used. 

Several qual i ta t ive exper iments  were carried out in 
order to invest igate  the effects of aging at  higher tem- 
peratures .  These are summar ized  in Table 7. From 
these results  we conclude tha t  the decomposition of 
internal-olefin-derived ?-sultones requires acid cataly- 
sis a t  a t empera tu re  around 150~ and tha t  the trans- 
7-sultones are considerably more labile t han  the i r  cis- 
isomers. 

The investigation described here reveals several  dif- 
ferences between a and internal  olefins as regards  
sulphonation chemistry. These are shown in Table 8. 
The differences listed can a l l  be ascribed to the effects 
of an alkyl subs t i tuent  in the a-posit ion in re ta rd ing  
the ra tes  of r ing closure and ring opening. These ef- 
fects can be rat ional ized in t e rms  of the  principles put  
forward by Bordwell, Osborne and C hapm an  (11), to ac- 
count for the effects of methyl  subst i tut ion on ra tes  of 
7-sultone solvolysis. The basic concept underlying the 
a rguments  put  forward by these authors  is tha t  in r ing 
opening the two a toms between which bond heterolysis 

Ln/3 
m 

1.5- 

1 - 

. 5  , , i , , , , t ( m i n )  

10 20 30 40 50 60 

FIG. 1. /~-Sultone d e c a y  in  9 - o c t a d e c e n e  s u l p h o n a t i o n  
p r o d u c t s  at  35~ Ln ( /3-sultone) vs  t. 

occurs cannot  separa te  l inearly as in open chain com- 
pounds. Instead,  separa t ion of these a toms occurs by 
rotat ion around the bonds of the ring. Similarly, in ring 
closure, the two atoms between which bond formation 
occurs are brought  together  by rotation, around the pre- 
existing bonds which will form the ring. Steric effects 
resul t ing from these rotat ions bringing subst i tuents  on 
the a toms of the ring, or incipient ring, into grea ter  prox- 
imity, lead to significant effects on the reaction rates. 

We defer a discussion of the application of these prin- 
ciples to /3-sultone decomposition pending completion 
of a wider ranging study, current ly in progress, of fl- 
sultone decomposition kinetics. The simplest  case is 
tha t  of the 5-sultones. Since these have a staggered con- 
formation, it follows tha t  the ring opening or closing pro- 
cess involves an increase in the degree of eclipsing. This 
will be grea ter  when there  are two alkyl subst i tuents  in 
the ring than  when there  is only one. Thus, the sta- 
bility of 5-sultones, and the slower formation of in ternal  
olefin derived 5-sultones as compared to a-olefin derived 
5-sultones, can be rationalized. 
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TABLE 7 

Effects  of  High Temperature  Aging  on Sul tone  Compos i t ion  in Produc t s  Der ived  from Interna l  
Olefin Su lphonat ion  

Sample Aging conditions Analytical method Finding 
7-Sultone mixture Heated alone at IR 
extracted from 140-150~ for 2 hr. 
hexadecane 1.8 g heated with 7 IR 
sulphonation product drops cone. H2SO 4 

at 170~ for 1 hr. 

No detectable change. 

Major increase 
in 6-sultone 
level and decrease 
in 7-sultone level. 

9-Octadecene Heated at 150~ for TLC Major decrease in 
sulphonation 3 hr. trans 7-sultone 
product spot intensity, but 

little change in cis 
7-sultone; major 
increase in 5-sultone. 

TABLE 8 

Dif ferences  in Su lphonat ion  Character i s t i cs  B e t w e e n  ~-Olefins and Internal  Olefins 

(~-Olefins Internal olefins 
/3-Sultone Does not survive the 
stability residence time in the FFR. 

tl/2 ca. i min at 
30~ (ref. 2). 

7-Sultone 
formation 

7-Sultone 
decomposition 

5-Sultone 
formation 

Complete within the 
residence time of the FFR. 

Can be followed kinetically 
on post-FFR aging at 30~ 
and above. 

Can be followed kinetically 
on post-FFR aging at 30~ 
and above. 5-Sultone is 
the major component of the 
reaction mixture after 72 hr 
at 30~ or 4.5 hr at 70~ 

Decomposition of one stereo- 
isomer can be followed 
kinetically over a period of 
1-2 hr at 25 and 35~ 

Not formed to a significant 
extent in the FFR. Formation 
can be followed kinetically 
on post-FFR aging. 

No significant decomposition 
over several days at ambient 
temperature. 

Very slow at ambient 
temperature. 5-Sultone is 
still only a minor 
component of the reaction 
mixture after 21 days at 
ambient temperature. Heating 
for several hours at 150~ is 
required for 5-sultone to 
become the major component. 

Now cons ider  t he  ? - su l tones .  We a s s u m e  t h a t  t he  
bond  ro t a t i ons  a c c o m p a n y i n g  the  c l eavage  of  the  C ( ? ) -  0 
bond  wil l  be such  t h a t  the  oxygen  a tom moves  a w a y  
from, r a t h e r  t h a n  t owards ,  t he  R g roup  in t he  ? po- 
s i t ion  so as  to m i n i m i z e  n o n - b o n d i n g  i n t e r a c t i o n s  be- 
t w e e n  t h a t  R g roup  a n d  the  oxygen  a tom.  I t  t h e n  fol- 
lows t h a t  t h e s e  bond  ro t a t i ons  b r i n g  the  a - s u b s t i t u e n t ,  
wh ich  is cis to t he  R g roup  in t h e  ? -pos i t ion ,  c loser  to 
t h a t  group.  T h u s  for t he  cis i s o m e r  of  t he  i n t e r n a l  olefin- 
de r ived  ? - su l tones ,  r i n g  open ing  wil l  be less  faci le  t h a n  
for i t s  t rans  i somer  or  for the  a -o le f in  de r ived  ? - su l tone .  
As  po in t ed  ou t  by  Bordwel l  et al.  (11), a n d  as  can  be 
r e a d i l y  ver i f ied  w i t h  t he  a id  of  D r e i d i n g  models ,  ro ta -  
t ion  abou t  t he  a - t3 bond  causes  i n c r e a s e d  ec l ips ing  be- 
t w e e n  a a n d / 3  s u b s t i t u e n t s ,  a n d  t h i s  e x p l a i n s  w h y  the  
a -o le f in  de r ived  ? - s u l t o n e  is more  r eac t ive  t h a n  e i t h e r  
of t h e  i n t e r n a l  olefin de r ived  ? - su l tones .  

The  above  a r g u m e n t s  also a p p l y  to r i n g  c losure  

r eac t ions  fo rming  t h e  ? - su l tones ,  a n d  can  the re fo re  par -  
t i a l ly  r a t i o n a l i z e  w h y  ? - su l t one s  a p p e a r  e a r l i e r  in  t he  
case  of  (~-olefin s u l p h o n a t i o n  t h a n  in  t he  case  of  in te r -  
na l  olefin su lphona t ion .  Th is  r a t i o n a l e  is  adequa te ,  to 
t he  e x t e n t  t h a t  t he  ? - s u l t o n e s  a r i se  f rom r ing  c losure  
of ? - z w i t t e r i o n s  (or a - s u l p h o  ? - c a r b o n i u m  ions) fo rmed  
from the  b r e a k d o w n  of  3 - su l tones  e i t h e r  v i a  r e a r r a n g e -  
m e n t  of  t3-zwit ter ions  (or a - su lpho- /3 -ca rbon ium ions) or 
v i a  ( a u t o ) p r o t o n a t i o n  of i n t e r m e d i a t e / 3 ,  ? - u n s a t u r a t e d  
su lphon ic  acids.  

However ,  t h e r e  is  ev idence  f rom so lu t ion  s tud ies  (12) 
t h a t  a t  l e a s t  some f u r t h e r  r eac t i ons  o f /3 - su l tones  m a y  
proceed concertedly.  In  as  fa r  as  th i s  m a y  a p p l y  to t h e  
f o r m a t i o n  of  ? - s u l t o n e s  u n d e r  t he  cond i t ions  used  in  our  
s tudy,  p a r t  of  t he  e x p l a n a t i o n  for t h e  e a r l i e r  a p p e a r a n c e  
of  ? - s u l t o n e s  in  a -o lef in  s u l p h o n a t i o n  m a y  l ie  in  t he  rel-  
a t ive  r eac t i v i t i e s  of t h e  t e r m i n a l  a n d  i n t e r n a l / 3 - s u l t o n e s  
t o w a r d s  r e a r r a n g e m e n t .  
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